Abstract: Cranberry production is a water intensive practice that requires irrigation during summer months to achieve maximum yields. Previous studies have found that root zone tension maintained between −4 and −7.5 kPa allows for maximum yields without over irrigating. The present study looks at the effects of managing a water table to supplement overhead sprinkler irrigation with upward flow. Two drainage systems, controlled and free, were implemented in a cranberry bed constructed of fine sand. The controlled drainage system used existing drain tiles and a sump to maintain an artificial water table, while the free drainage system had no manipulation of the water table. Daily upward flow and water table level were measured in four locations, across the length of the bed, for each drainage system. Comparing upward flow with evapotranspiration (ET) rates, approximately 30% of maximum daily ET can be met by holding a water table between 500 and 600 mm. Numerical simulations indicate that water tables shallower than 500 mm allow for nearly full supply of ET, but at root zone soil water tensions too wet for the best productivity. Field results and model simulations indicate that water table management can be a useful tool in cranberry irrigation.
Introduction
Cranberry is a locally important economic crop in various locations across North America, including Wisconsin, Washington, Oregon, Massachusetts, British Columbia, and Quebec (Alston et al. 2014) . Modern production fields are designed to provide ample soil moisture for evapotranspiration (ET), as well as efficient drainage to avoid reduced root zone aeration arising from excess oil moisture.
Additionally beds must be inundated on occasion, in the fall for harvest, in the winter for temperature protection, and in the spring for pest control (DeMoranville and Sandler 2000) . During the growing season (MayOctober), a well-drained soil is necessary for healthy root and plant growth so floods are removed, and irrigation and precipitation are used to supply water for plant uptake (DeMoranville and Sandler 2000) .
To manage these seasonal floods, cranberry beds are surrounded by a robust water management infrastructure, including storage reservoirs, overhead irrigation, bulk heads, perimeter ditches, and often subsoil drainage tiles. This allows the ET demand to be met with a combination of precipitation, overheard irrigation, and upward flow from a shallow water table. Many sites have water table near enough the surface that upward flow through the soil makes some contribution to the ET. However, this upward flow is challenging to quantify. This means that a water balance strategy for irrigation scheduling (e.g., Jones 2004 ) is not possible, given the ambiguity of the upward flow contribution. An alternative to the soil water balance approach is to monitor soil water status, either content or potential. Recent advances in low-power, wireless sensor technologies open the possibility of monitoring soil water status to inform manipulations of water table depth (WTD) and overhead irrigation to keep the root zone at optimum wetness. Pelletier et al. (2013) experimented with various root zone tensions for triggering irrigation, ranging from −5.5 to −10 kPa. Irrigation triggers between −5.5 and −8 kPa resulted in no yield differences but up to a 90% water savings when irrigation was trigged between −7 and −8 kPa compared with −5.5 kPa. Initiating irrigation at tensions drier than −8 kPa resulted in a negative effect on yield and should be avoided (Pelletier et al. 2013) . Maintaining root zone tensions wetter than −4 kPa increases the risk of oxygen deficiency and yield declines (Roper 2006; Caron et al. 2016) . The use of soil water tension as an irrigation trigger appears to be a tool that can help cranberry growers become better stewards of their waters.
Cranberry irrigation is commonly applied through overheard sprinkler systems drawing water from reservoirs or high-capacity wells. Irrigation is generally applied in the morning hours so vines and berries can dry out promptly, to reduce environmental conditions suitable for diseases. Alternatively, subsurface irrigation, i.e., introduction of water to the root zone from below the soil surface avoids wet canopies and might reduce pumping costs. A form of subirrigation can be achieved by maintaining an elevated water table during the growing season and allowing capillary rise to supply water to the root zone. Use of water table management for irrigation was studied by Pelletier et al. (2015a Pelletier et al. ( , 2015b and Caron et al. (2016) and they suggested that optimum yield can be achieved when maintaining a water table of 600 mm. Cranberry beds already have extensive water management infrastructure (drain tile, bulk heads, lift pumps, etc.) in place for drainage, spring, harvest, and winter floods that can also be used to implement subirrigation.
The objective of this study was to explore how water table management during the growing season could complement tensiometer-based irrigation management for cranberries. Our research mechanistically estimated the water supplied by the water table and the water lost to ET. We hypothesized that root zone potential monitoring provides enough information for proper management of the water table for subirrigation purposes.
Materials and Methods

Field location and plot description
The bed used for this study is located on a private cranberry grower's farm near Warrens, Wisconsin (44.087926N, −90.477031E). The bed was created by relocating approximately 1 m of fine sand from nearby sand dunes. The bed was 1 ha (∼50 m × 200 m) of 'Grygleski Hybrid 1' (GH1) cranberries planted in 2002. Drain tiles were installed before planting at a depth of 500 mm, 4 m apart, running the length of the bed (Fig. 1) . Two drainage systems were implemented for our research, one with a water table level held between 400 and 600 mm (controlled) and the other allowed to drain freely (free drain). Each drainage system and associated irrigation schedule were considered as a treatment. To obtain a range of WTDs, all drain tiles on the south half of the bed connected to a sump in which a depth of 400-600 mm was maintained. There was a buffer zone that ran parallel to drain tiles and was 16 m wide (4 drain tiles) to separate drainage systems. Each drainage system was further divided into four plots, each 3 m by 3 m, two on the upgradient end (sump end of bed) and two on the downgradient end for a total of eight plots. In each drainage system, 10 m in the middle part of the bed was left out of the study because a prior study and aerial imagery revealed that prior to the bed construction, a farm lane ran across the center of the bed and impacted the drainage here.
Water table management and irrigation
Treatments began on 3 June in 2013 and on 4 June in 2014 and were maintained throughout much of the growing season, until 28 August in 2013 and 4 September in 2014. Water tables in both drainage systems were lowered in September to assure good bud development for the following season (Pelletier et al. 2015a (Pelletier et al. , 2015b ).
Overhead irrigation
Irrigation was delivered by overhead sprinklers and could be controlled separately for the free drain and controlled water table drainage systems. Sprinklers were located 20 m apart on three irrigation lines, and a pump pressure of 420 kPa was maintained for proper function of the sprinklers. Irrigation started when the average root zone (60 mm depth) tension in the four plots in a drainage system reached −7.5 kPa and continued until the tension was reduced to −4 kPa (approximately 3 h of irrigation). These set points were chosen from previous research completed by Pelletier et al. (2013) .
Subirrigation
To maintain an elevated water table in the controlled half of the bed, water was pumped into the sump and allowed to flow the length of the bed through the drain tile. In 2013, the pump was turned on when sump was below indicated level (∼500 mm in 2013, ∼600 mm in 2014) and allowed to run for 12 h to fill the drain tile. In 2014, an automated pump controller and an additional sump at the downgradient end were used, and these helped maintain more consistent water levels throughout the length of the bed.
Tension measurements
Soil tension was measured in each plot using a Hortau (Lévis, Quebec) TX-3 tension probes inserted at depths of 60 mm (ψ 6 ) and 210 mm (ψ 21 ). Probes inserted at 60 mm were inserted on a 40°angle from vertical to insure the full length of the probe was below ground. The 210 mm probe was inserted vertically. Probes were installed between two drain tiles ( Fig. 1) . Because the original calibration was completed on vertical probes, −0.4 kPa was added to the ψ 6 probe measurements to compensate for angle of insertion. Data were collected every 15 min and sent wirelessly to Hortau's Irrolis website, where it was available for download.
Volumetric water content
Soil moisture content (θ) was measured by time-domain reflectometry in each plot at 30 min intervals (model CS 610, Campbell Scientific Inc., Logan, UT). The 300 mm long probe was inserted on a 60°angle from horizontal so the average θ between 60 and 210 mm was measured. Probes were attached to a TDR 100 reflectometer (Campbell Scientific Inc., Logan, UT) monitored by a CR1000 data logger (Campbell Scientific Inc., Logan, UT). The relationship described by Topp et al. (1980) was used to convert dielectric constant to soil volumetric water content. Volumetric water content equipment during the 2013 growing season was not installed until 9 August due to equipment availability constraints.
Water table monitoring
Water table depths were monitored continuously throughout the 2013 growing season using a combination of submersible, self-contained pressure sensors (model HOBO U20, Onset Inc., Bourne, MA) and pressure transducers attached to a CR1000 data logger (model PS9805, Northwest Instrument, Stanwood, WA). A PVC pipe was installed vertically in each plot to serve as a monitoring well into which a pressure sensor was inserted. Elevations of the pipes and sensor depth were measured using a total station instrument (model DTM-322, Nikon, Melville, NY). Water table depth measurements were corrected for atmospheric pressure. In 2014, most water table measurements were lost for the first month of the experiment because of a prototype sensor device that proved flawed. On 8 July 2014, four pressure transducers were deployed, one in each of the upgradient and downgradient plots of each drainage system.
Evapotranspiration estimation
Evapotranspiration (ET) was estimated in each treatment using the dual-temperature-difference method described by Norman et al. (2000) and Kustas and Norman (1999) . Details of the ET measurements made for this study can be found in Vanderleest and Bland (2017) . 
Unsaturated hydraulic conductivity
Unsaturated hydraulic conductivity, K(θ), was measured on four 150 mm diameter by 150 mm tall soil cores. These cores were taken from the upper 200 mm of the soil in the upgradient and downgradient ends of each drainage system. The tension disk method proposed by estimates K(θ) under rewetting conditions. The K(θ) under drainage conditions was estimated using the instantaneous profile method . The RETC software (PC-Progress, Prague, Czech Republic) was used to derive a van Genuchten curve from the laboratory data.
Soil capillary rise calculation
To estimate the upward flow of water to the root zone from the water table, the Buckingham-Darcy flux law (Jury and Horton 2004) was applied:
where J w is the water flux, K(θ) is the hydraulic conductivity as a function of water content, H is the tension, and z is the elevation. Unsaturated hydraulic conductivity data collected from soil cores revealed strong hysteresis, as expected. However, when upward flow is occurring, the soil is under the rewetting condition so we assumed that this is the branch of importance. Using these data with the tension gradient between ψ 6 and ψ 21 , upward flow from the water table to the root zone was calculated. Upward flow was calculated for 15 min time steps and summed to give a daily total in mm d −1 , with δz = 150 mm.
Modeling
Numerical simulation of water flow in cranberry beds was made using the HYDRUS 1D model (PC-Progress, Prague, Czech Republic). In the model, the van Genuchten-Mualem porosity model was used to describe how water flows through the soil (Van Genuchten 1980). The soil water retention curve was derived from the laboratory measurements described earlier (Table 1 ). The Feddes root water uptake model was used with parameters common to cranberry simulations (J. Caron, Université Laval, personal communication) ( Table 2 ). The HYDRUS simulation was set up not to receive any water inputs from precipitation or irrigation, and the measured ET was used.
Yield
To measure yield, berries in each of the four plots per drainage system were collected. In each plot three, 0.04 m 2 areas were collected on 10 October 2013 and 8 October 2014. These collections occurred approximately 3 d before commercial harvest took place.
Data analysis
Plots in each of the two drainage systems experienced a range of WTD values, so analyzing the aggregated treatment data is not always as revealing as analyzing each plot separately. Daily upward flow analysis was most beneficial using results from individual plots. However, since irrigation was scheduled by average tension for the whole drainage system, we also sometimes compare results by drainage system. Yield and water use were analyzed by whole drainage system (controlled or free) data.
Yield statistical analysis was completed using the R package R Commander (Fox 2005) . Yield data were analyzed using a t test of the paired difference between the two drainage systems. The difference was calculated between plots directly across the field from each other (see Fig. 1 ).
Results and Discussion
Rainfall and yield
Precipitation amounts for both growing seasons are given in Table 3 . July 2013, August 2013, and July 2014 were drier than average, and irrigation was required. The months of June 2013, June 2014, and August 2014 received greater than average rainfall amounts, and so little irrigation was required. Over all of 2013, the controlled water table treatment required three irrigations while the free drainage required seven. This resulted in a 57% savings in irrigation application (Table 4) and a 12 h reduction in pumping time. In 2014, the elevated rainfall amounts reduced the need for irrigation in both drainage systems. The free drainage treatment still required one irrigation compared with no irrigation in the controlled water table treatment, resulting in a savings of 3 h of pumping time. The controlled water table treatment still required pumping to move water into the drain tile; however, this could be accomplished with a much smaller pump (1.5 kW) than the one required to operate the pressurized sprinkler system (18.6 kW).
Measured cranberry yield was recorded for each drainage system (Table 5 ) and the difference between drainage systems was compared by plot for each year (i.e., difference among yield from free drain, downgradient plot, and controlled drainage downgradient plot for year 2013). There was no significant difference between the two drainage systems (P = 0.24 and P = 0.76 for 2013 and 2014, respectively) . To further analyze yield, the relationship between average yield per plot (independent of drainage system) and the average WTD for that plot was charted; however, no relationship was evident (R 2 < 0.1 for both years). These two tests to compare yield data support the hypothesis that manipulation of the water table did not influence overall yields. No difference was expected between drainage systems because overhead irrigation was used to keep root zone tension from becoming too dry if upward flow from the water table could not meet evaporative demand. Yield was not compared between years because the experimental design did not allow for year × treatment interactions, and cranberry yield across Wisconsin was substantially lower in 2014 than 2013 (National Agricultural Statistics Service 2015).
Field experiment results
Water status
Depth to water table was controlled (coarsely) in half of the study bed and allowed to drain freely in the other half. Figure 2 shows water table level for the 2013 (A) and 2014 (B) growing season for the deepest and shallowest plots (of eight experimental plots). During the early stages of the 2013 growing season, the controlled water table plots were held between 400 and 500 mm. On 1 August 2013, the water table was lowered to 550-650 mm, to ensure that ψ 6 was kept in the optimum range and not too wet. During the 2014 growing season, WTD was controlled at a finer range at around 600 mm with the help of an automated pump control and sumps on both the upgradient and downgradient ends of the drain tiles.
Water table depth was reflected in the root zone tension (ψ 6 ) (Fig. 3) . In 2013, above normal rainfall in June and water table elevation in July resulted in the controlled drainage system having ψ 6 wetter than optimal (ψ 6 > −4 kPa) (Fig. 3A) . The near-normal July precipitation and improved sump pump control in 2014 allowed for better control of ψ 6 in the target tension range during the month of July (Fig. 3B) . In both years, ψ 6 of the free drainage system fell below the −7.5 kPa threshold and required irrigation, while the controlled drainage system only required irrigation in 2013. a Irrigation for heat stress or fertilizer application. Note: No significant differences between drainage systems in a given year.
Evapotranspiration
Estimated ET was, on average, 83% of Priestly-Taylor potential ET. Daily ET between 4 June 2014 and 3 September 2014 ranged between 0.9 and 6.4 mm d −1 (Fig. 4) . The difference in ET between drainage treatments was less than 0.1 mm d −1 and in the noise level of the sensors used. Depth to water table had a direct influence on the water status of the soil above (Fig. 5A) . The large scatter around hydrostatic equilibrium occurs when plant uptake acts as a sink, (root zone drier than equilibrium), and percolation acts as a source (wetting ψ 6 to above hydrostatic equilibrium). When the water table was relatively deep, establishment of hydrostatic equilibrium took longer and was readily perturbed by root uptake, relative to shallow depths, resulting in large deviations of ψ 6 from hydrostatic equilibrium. The ψ 21 in all plots showed a linear relationship with WTD (Fig. 5B) . The scatter around the equilibrium line is due to plant uptake activity and drainage after a rainfall or irrigation. While all cranberry roots are likely above 210 mm, their activity would still disrupt hydrostatic equilibrium at this depth.
The rewetting branch of the laboratory-devised soil water characteristic curve bounded the in situ field observations (Fig. 6) . Water potential was in the desired range for optimal production (−4 to −7.5 kPa) for 62% of measurements. Wetter potentials (−2 to −4 kPa) occurred after an irrigation or rainfall. Fig. 4 . Daily evapotranspiration for both drainage systems for the 2014 growing season. The potential ET was calculated using the Priestley-Taylor equation (Diak et al. 1998) . 
Water flux
Measures of WTD varied spatially and temporally in the study cranberry bed, so upward flux comparisons were done by plot, without regard to drainage system. Upward flow of water into the root zone was calculated using eq. 1, with the hydraulic gradient (δH/δz) assumed linear, between 60 and 210 mm and hydraulic conductivity calculated using θ measured in the 60 and 210 mm layer and the K(θ) function established from laboratory analysis. Data presented are from the 2014 growing season because measurements of water content were not available for most of the 2013 growing season.
Upward flow measurements ranged from 0 to 2.1 mm d
for WTD values between 200 and 900 mm (Fig. 7A) . There are few data points for WTD between 200 and 450 mm, because WTD was managed for greater depths. Most of the points fall between WTD values of 450 and 650 mm with maximum upward flow reaching 2.1 mm d −1 in this range. Upward flow calculations lower than maximum occur for several reasons, including readily available water in the root zone and low evaporative demand days with cloud cover. At WTD between 650 and 800 mm, upward flow declines as a result of limiting K(θ) (Gardner and Fireman 1958) . Spuriously, high values of upward flow when WTD is relatively deep can arise from root zone extraction driving ψ 6 more negative, resulting in large δH/δz and lower, more uncertain K(θ) (Schaap and Leij 2000) .
To account for daily changes in the amount of water taken up by roots, the percentage of ET replaced by upward flow was calculated. It is possible for upward flow to supply up to 100% of ET, when WTD is between 500 and 600 mm, but across the range of WTD, the average was 27% of ET (Fig. 7B) .
A daily water budget was used to account for all sources contributing to the calculated ET in each drainage system. Calculated values of upward flow, downward drainage, and storage (between 60 and 210 mm) were used with measured values of rainfall and irrigation to complete the water budget. The budget balanced over the season (within 2 mm), giving us confidence that the ET not supplied by upward flow (Fig. 7A) is accounted by rainfall and root zone soil storage in the controlled drainage system and additionally by irrigation in the free drainage system.
The maximum upward water flow as a function of WTD modeled by HYDRUS enveloped the observations (Fig. 7A) . The drop in simulated upward flow at WTD <400 mm is due to the root water uptake model used by HYDRUS. In our simulations, root water uptake is linearly reduced at root zone tensions between −1 and −4 kPa ( Table 2; J. Caron, Université Laval, personal communication) .
HYDRUS was used to model a growing season with potential ET measurements corrected for cranberries (0.83 * potential ET) found by our and previous (Bland et al. 1996) measurements (Fig. 8) . Fluctuations in tension arise from fluctuations in ET demand based on environmental conditions. Water input from precipitation and overhead irrigation was set to zero in the model, to simulate only water flow from the water table for several values of WTD. With WTD = 500 mm, ψ 6 remained within the range thought to be optimal for cranberry growth (−4 to −7.5 kPa). However, it is on the wetter end of the range, so any rainfall would surely result in a root zone that is too wet. At WTD = 800 mm, capillary rise could not maintain an optimal ψ 6 , and frequent rainfall or irrigation would be necessary. When WTD = 600 mm, ψ 6 was near the dry end of the optimal zone so modest surface water input capillary rise could maintain optimal root zone soil water tension. These results are in agreement with Pelletier et al. (2015a Pelletier et al. ( , 2015b and Caron et al. (2016) who both found optimal water table to be ∼600 mm. Pelletier et al. (2015a Pelletier et al. ( , 2015b ) used a range of WTD treatments and yield observations to concluded optimal WTD, while Caron et al. (2016) used gas exchange on growth cabinetgrown plants. These and our observations suggest that WTD >600 mm would not support enough upward flow to significantly contribute to evaporative demand, and rainfall or overhead irrigation would be required.
Implications
Cranberry growers have a unique opportunity to use existing infrastructure to take advantage of soil capillary properties as a tool for irrigation management. When WTD is shallower than 800 mm, upward flow will make a contribution to the root zone, with significant contributions coming with WTD <600 mm. At these depths, tensiometer-based irrigation strategies become more useful, also confirmed by Pelletier et al. (2015a Pelletier et al. ( , 2015b . However, these data are site specific and depend to some extent on soil texture. Soil properties for the experimental bed are given in Table 6 . Optimal WTD in soils similar to this one would be ∼600 mm. Hydraulic properties used to determine optimal WTD are difficult to obtain without laboratory analysis. Pedotransfer functions (PTF) use soil textural class and bulk density to give estimates of hard to obtain hydraulic properties but with considerable uncertainties (Schaap et al. 2001) . Generally, finer textures and larger bulk densities lead to deeper optimal WTD. However, an exact estimate of upward water flow is not essential information to growers, but rather they need to know optimal WTD. To determine this in situ, tensiometers can be used to monitor ψ 6 at varying WTD. Looking at Fig. 3A , the controlled drainage system had WTD = ∼450 mm early in the season and this led to ψ 6 that was too wet (>−4 kPa). The free drainage system had relatively deep WTD (∼800 mm) so overhead irrigation was required to keep ψ 6 below −7.5 kPa. To correct the problem in the controlled drainage system, WTD was reduced to 600 mm and ψ 6 consistently remained in the optimal tension range. Using a trial and error system, cranberry growers can determine an optimal WTD for each bed by monitoring ψ 6 . Growers should be aware, however, that for widely spaced tiles or drainage ditches, WTD may vary with distance from the 
Conclusion
Data obtained from field measurements of ET and upward flow of water from the water table indicate the cranberry water budget can be supplemented by subirrigation. These results are in agreement with and provide detailed data as to why Pelletier et al. (2015a Pelletier et al. ( , 2015b found optimum yields at WTD = 600 mm. Upward flow (∼2 mm d −1 ) from an optimal WTD (500-600 mm) is able to supply ∼30% of the maximum measured daily ET (∼6 mm d −1 ). Numerical simulations of upward flow achieve a maximum value of 1.96 mm d −1 at WTD = 500 mm. These values are over the course of a day; however, the contribution of upward flow to the midday peak of ET is likely less than 30%, and so stored soil water presumably is extracted relatively heavily at this time. Continuous monitoring of root zone water potential is required to assure that water stress does not occur. Using tensiometer-based measurements throughout the day, a cranberry grower is able to manage WTD that will allow upward water flow to replace a significant amount of water lost to ET. Depending on the specifics of the cranberry bed, a grower may be able to use smaller pumps, perhaps operated during off-peak electrical use periods, reducing the environmental impacts of the crop's production.
